How self-incompatibility systems are maintained in plant populations is still a debated issue. 25
Introduction 45
Hermaphroditic plant species reproduce with variable rates of selfing, ranging from strict 46 selfing to strict outcrossing (Barrett, 2002) . Self-incompatibility (SI) is a reproductive system 47 that prevents self-fertilization. In the case of heteromorphic self-incompatibility, distinct 48 morphologies result in distinct compatibility groups, whereas in the case of homomorphic 49 self-incompatibility, compatible individuals cannot be distinguished by their morphology (de 50 Nettancourt, 1977) . Most SI systems depend on physiological mechanisms that prevent pollen 51 germination or pollen tube growth. In sporophytic self-incompatibility (SSI) systems, the 52 compatibility of a pollen grain depends on the diploid genotype of the plant that produced it. 53
In gametophytic self-incompatibility (GSI) systems, the compatibility of a pollen grain 54 depends on its haploid genotype. GSI is more widespread than SSI (Glémin et al., 2001) . 55
Fisher (1941) showed that self-fertilization should have a selective advantage because a 56 selfing genotype will transmit more copies of its genome than a non-selfing genotype (this has 57 been termed the automatic advantage of selfing). However, numerous studies have shown that 58 inbred offspring are less fit than outbred offspring. The relative decrease in the mean fitness 59 of selfed versus outcrossed individuals (inbreeding depression) is generally recognized as the 60 only main factor that counterbalances the selective advantage of selfing (Charlesworth and 61 7 respectively 0.1 and 0.2; and (iii) a case of highly recessive lethal mutations, values assigned 144 to s and h were respectively 1 and 0.02. 145
Mutations were allowed in all loci. Neutral loci mutated at rate µ N =10 -3 , following a k-allele 146 model (k=100). Mutation at the S-locus followed an infinite-allele model (Kimura and Crow, 147 1964) with rate µ S ; three values were considered for this rate (µ S =10 -3 , 10 -4 and 10 -5 as in 148 Glémin et al., 2001 ). Mutations at the viability locus occurred at rate µ 1 =10 -3 from A to a and 149 at rate µ 2 =10 -4 from a to A. 150 151
Individual-based simulations 152
Forward-time simulations of a population of N diploid individuals with no overlapping 153 generations were performed. Simulations started with all individuals carrying two unique 154 alleles at the S-locus (2N different S-alleles in the whole population), alleles A or a randomly 155 assigned (with equal probability, 0.5) to the viability locus and any of the k alleles (k=100) 156 randomly assigned (with equal probability, 1/k) to the two neutral loci. 157
At each generation, the number of individuals generated by asexual reproduction, x, was 158 drawn from a Poisson distribution with mean Nc, and the remaining N-x individuals were 159 generated by sexual reproduction (parents contributing to these two types of offspring were 160 not determined in this step). Genotypes of the N individuals were generated one by one. If a 161
given individual originated by asexual reproduction, a genotype i was randomly drawn from 162 all individuals of the previous generation. That genotype was assigned to the individual with a where f S is the scaling factor of the genealogy of the S-locus and r' is the net recombination 208 rate between the two loci. For the case of partial asexuality, the number of common alleles 209 was given by Equation 1 and the scaling factor was 
Results

246
Effect of asexuality and drift on linkage disequilibrium between loci 247
Probably the most obvious effect of partial asexual reproduction was the reduction of 248 recombination. Asexuality generated identical genotypes in offspring, so allele associations 249 were transmitted in the same way that they would be transmitted if they were physically 250 linked throughout the whole genome. In fully asexual populations, maximum linkage 251 disequilibrium was expected (equivalent to the linkage disequilibrium between fully linked 252 loci) and in partially asexual populations, recombination was reduced proportionally to the 253 rate of asexual reproduction. In small populations, some generations with complete allelic association started to appear at 259 asexual reproduction rates of 0.8 and were predominant at rates of 0.99 and higher. In larger 260 populations, complete allelic association was only found in the fully asexual scenario. These 261 associations of alleles were observed between loci subject to selection and between neutral 262 loci, which showed that linkage disequilibrium was not a product of selective processes 263 during sexual reproduction events. Since these events were scarce at high rates of asexual 276 reproduction, the influence of balancing selection (which promotes high allelic diversity) on 277 the population diminished. This can temporarily stop sexual reproduction by reducing the 278 number of S-alleles to two (i.e. fixation of an S-locus genotype, Table 1) . 279
No significant differences in the number of S-alleles were found among the three different 280 selection regimes for the viability locus (frequency distributions of the number of S-alleles 281 among different selection regimes were undistinguishable in a Kolmogorov-Smirnov test, P-282 value>0.98). It must be noted that small populations (with high linkage disequilibrium) were 283 fixed for the wild type allele A most of the time (Table 2b ) and this may explain the weak 284 influence of deleterious alleles on the S-locus.
segregation. This can increase heterozygosity by the independent accumulation of mutations 287 on the two alleles of an asexual lineage (Pamilo, 1987; Birky, 1996) . To quantify this effect, 288
we measured the inbreeding coefficient F IS , which compares observed and expected 289 heterozygosities. 290
Theoretical equilibrium values for F IS at a neutral locus (unlinked to the S-locus) were very 291 similar in self-compatible and self-incompatible populations (Figure 3) , and, for large 292 population sizes, the simulated populations followed the same pattern ( Figure 3b ). However, 293
for small population sizes, drift generated strong linkage disequilibrium between the S-locus 294 and other loci. Thus, balancing selection on the S-locus had a hitchhiking effect on other loci, 295 increasing their heterozygosity. This explained the contrasting F IS values on simulated self-296 compatible and self-incompatible populations ( Figure 3a ). Analytical predictions do not 297 reflect this dramatic difference because they do not account for linkage disequilibrium. F IS 298 decreased with asexuality and this decrease was enhanced by self-incompatibility in small 299 populations, particularly noticeable at asexual reproduction rates higher than 0.8. This 300 decrease in F IS observed in neutral loci also occurred at the viability locus (both for the mildly 301 deleterious and lethal recessive cases), which implied an increase in the frequency of the 302 deleterious allele (Figure 4) . 303
304
Effect of asexuality and drift on fitness 305
For both self-compatible and self-incompatible populations, mutation load globally increased 306 with asexuality and population size, but a greater variance among generations and populations 307 was observed for very small populations ( Figure 5 ). As mentioned above, the frequency of the 308 deleterious allele increased with asexuality in small self-incompatible populations, due to awhen the population size was small enough, the mutation load increased with asexual 311 reproduction rates; this load resulted from the increase of the deleterious allele frequency 312 (Figure 5a and 5c). Under similar conditions in the self-compatible system, mutation loads 313 were lower than the mutation load observed in the self-incompatible system (Figure 5b and 314 5d). In contrast, inbreeding depression had similar values in self-incompatible and self-315 compatible populations (Figure 6 ), showing some increases with asexual reproduction rate for 316 lethal recessive mutations that was more apparent in large populations. 317
The average fitness was higher in sexual populations than in asexual populations due to 318
Mendelian segregation (e.g. The number of S-alleles and inbreeding depression are considered to be the main factors that 333 influence the maintenance or breakdown of self-incompatibility systems (Charlesworth and whereas the maintenance of inbreeding depression within populations prevents the breakdown 337 of self-incompatibility. In the present study, we examined how drift and partial asexuality 338 may modify the dynamics of these two key parameters in a self-incompatible population. 339 340
Drift, combined with partial asexuality, dramatically reduced the number of S-alleles 341
As already predicted by Yokoyama and Hetherington (1982), we showed that the number of 342 S-alleles decreases with the effective size of the population. Thus, in small populations, 343 repeated bottlenecks or founder events may lead to the breakdown of the self-incompatibility 344 system. However, Karron (1987) found no differences in mating systems between rare and 345 widespread congeners across several families (but see also a study on some Brassicaceae 346 species, Kunin and Shmida, 1997). As for the impact of asexuality, our simulation study 347 confirmed a recent result demonstrated analytically by Vallejo-Marín and Uyenoyama (2008) . 348
The number of S-alleles decreased with asexuality due to the weakened influence of balancing 349 selection in a partially asexual population (Figure 2 ). In contrast with other effects of 350 asexuality that were only observed for very high rates of asexuality, intermediate asexual 351
reproduction rates were sufficient to significantly reduce the number of S-alleles. High rates 352 of asexual reproduction combined with drift produced extremely low numbers of S-alleles. 353
This effect was strong enough to even reduce the number of S-alleles to two (i.e. fixation of 354 an S-locus genotype, Table 1 ), which stopped all possibility of sexual reproduction until a 355 new S-allele arose from mutation or migration. Therefore, in such extreme cases, this drastic 356 effect of asexuality on the number of S-alleles should favour the breakdown of self-357 incompatibility. However, paradoxically, the number of S-alleles may not be very relevant inmutation load 362 Drift influenced the level of mutation load. As population size decreased, the frequency of the 363 deleterious allele decreased and mutation load decreased, due to more effective purging. We 364 also observed a much greater variance in mutation load in very small populations (Table 2  365 and Figure 5, N=25) . In this case, selection was overwhelmed by drift and this caused a higher 366 probability of fixation of the deleterious allele, and an increase in mutation load. Similar 367 our own simulations, Figure 6) . As for the impact of asexuality, our results showed no large 392 differences between the self-compatible and the self-incompatible cases for small populations. 393
The effect of strong drift, in the presence of strong asexuality, was to reduce genotype 394 diversity. In most cases, populations were fixed at one allele, but sometimes the population 395 was fixed at the heterozygote genotype Aa. This mainly occurred in self-incompatible 396 populations (see Table 2 ). With no or very low genotype diversity, inbreeding depression had 397 very low values, even if deleterious alleles were present at high frequencies in the population. In this study, we used a model with physically unlinked loci and a single viability locus. 438
However, because the linkage disequilibrium produced by asexuality affected the whole 439 genome, population genomic models may be necessary to fully study the effect of deleterious 440 alleles on the S-locus for small, partially asexual populations. In addition, physically linked 441 loci with deleterious alleles (which were not studied here) may reduce the number of S-alleles 442 Population size and viability locus coefficients: (a) N=25, s=0.1, h=0.2, (b) N=25, s=1,  605   h=0.02, (c) N=100, s=0.1, h=0.2, and (d) N=100, s=1, h=0 .02. 606 
